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Introduction
The quest for increasing transmission reach in long haul optical links demands a sufficiently high optical signal-to-noise ratio (OSNR) to be guaranteed at the receiver, and one way to achieve such OSNR is by injecting high signal launch powers into the spans of the optical link. Nevertheless, Kerr nonlinearity, in the form of self-phase modulation (SPM), inter-and intra-channel cross-phase modulation (XPM), and inter-and intra-channel four-wave mixing (FWM), provide an upper bound to the maximum transmittable signal launch power per span, thus reducing the reach for error free transmission [1, 2] . In addition, transmission at low launch powers per span is limited by repeater noise such as amplified spontaneous emission (ASE) noise from erbium-doped fiber amplifiers (EDFAs). The degrading impact of fiber nonlinearities on systems with tightly packed channels, e.g. dense wavelength-division multiplexed (DWDM) systems, with higher-order modulation can be very significant [3] [4] [5] .
In order to mitigate the signal transmission impairments due to Kerr nonlinearity, various techniques involving electronic domain compensation [6] [7] [8] [9] as well as optical domain compensation [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have been investigated. It has been shown in [10, 13] that systems with bi-directional distributed Raman amplification (DRA) have power-dispersion maps which make them much more suitable for fiber nonlinearity mitigation through optical phase conjugation (OPC) than pure EDFA amplified links. A recent fiber nonlinearity mitigation study implemented electrical domain digital phase conjugation (DPC) technique [6] . In this scheme, the transmitted optical signal is conjugated in the digital domain after the first half of the link. The conjugated signal is converted back into the optical domain and it is transmitted over the remaining half of the link. This study also employed distributed Raman amplification with backward pumping but was focused on a single-channel 10-GBd 16-quadrature amplitude modulation (QAM) signal. In a similar work applied to the nonlinear compensation of a polarization-division multiplexed (PDM) quadrature phase shift keying (QPSK) signal, the signal and its inverted spectrum (a conjugate of the signal also known as idler) were generated at the transmitter and both waves were transmitted through the link to the receiver. The twin waves (signal and idler) were detected at the receiver and the idler was again conjugated before its field was coherently superimposed to the field of the signal via digital signal processing (DSP) to cancel out the nonlinear distortions accumulated on the signal [21, 22] . However, the DSP power requirements in a high speed data link dominated by fiber impairments can be significantly high. Therefore optical domain nonlinearity compensation has attracted the attention of researchers. All-optical coherent superposition of the signal and idler after the link in a low noise phase sensitive amplifier (PSA) has been shown to exhibit a trend to cancel out the effect of fiber nonlinearities [14] . This investigation was carried out for a single-channel 10-GBd single-polarization 16-QAM signal.
Mid-link spectral inversion is a well-known technique for fiber nonlinearity and chromatic dispersion compensation. The scheme involves the conjugation of the electric field of the propagating signal in the middle of the entire transmission link using an OPC device. The conjugated signal is then transmitted for the remaining half of the link. Consequently, the nonlinear distortions that have been accumulated in the first half of the link are compensated for in the second half of the link [10] [11] [12] . Recent studies on design and performance evaluation of OPC devices based on non-degenerate FWM have been performed in a 100-GHz spaced 10 × 114-Gb/s PDM QPSK system [15] . In addition, WDM systems with up to 8channels using PDM 16-QAM signals have been used to characterize an OPC device that employs a non-degenerate FWM process [16, 17] .
The combination of Raman-based amplification and OPC scheme has been recently demonstrated for nonlinear distortions compensation. In [18] , the combined technique was implemented in a 7 × 114-Gb/s dual-polarization QPSK system with 100 GHz spacing whereas in [19] a 50-GHz spaced 8 × 32-GBd PDM QPSK system was used. Furthermore, a polarization-dependent OPC device was implemented in a 25-GHz spaced 4 × 12-GBd singlepolarization 16-QAM system for the compensation of nonlinear distortions in [20] . All these demonstrations employed OPC device based on non-degenerate FWM process.
We have recently demonstrated Kerr nonlinearity compensation in a five-channel 28-GBd PDM 16-QAM signals with 50-GHz channel spacing using a non-degenerate dual-pump polarization-independent fiber-based optical parametric amplifier (FOPA) as OPC device [11] . An improvement of the signal quality factor, (Q-factor derived from the BER of each launch power) by 0.9 dB allowed an extension of the reach to 800 km in the investigated dispersion managed link, whereas the Q factor was found to be below the hard-decision forward error correction (HD-FEC) threshold without the fiber nonlinearity compensation scheme.
In this paper, we extend our recent experimental investigation on Kerr nonlinearity compensation using mid-link spectral inversion by further experimental and numerical studies for a dispersion-unmanaged link made of standard single-mode fiber (SSMF). The particular link is composed of 4 × 100-km SSMF spans employing distributed Raman amplification with backward pumping. The transmitter and receiver configuration are the same as in [11] . The design and characterization of the employed dual-pump polarization-independent FOPA used as OPC device has already been reported in detail in [16] . In addition, the experimental results are compared with numerical simulations using VPItransmissionMaker v8.7. The numerical model is used to forecast the possible transmission reach extension.
The organization of the paper is as follows: In section 2, we describe the system experimental setup. A numerical modeling is presented in section 3, which is fitted to the experimental results in section 4, which also highlights discussions on the key results. A forecast for the Q-factor after 2800 km transmission is shown using our numerical model. Finally, concluding remarks are given in section 5. Figure 1 shows the experimental setup, consisting of a 28-GBd PDM 16-QAM transmitter, two 100-km SSMF spans forming the first half of the link, the FOPA (OPC device), another two 100-km SSMF spans forming the second half of the link, and a digital coherent receiver. Five external cavity lasers (ECLs) at 1549.32 nm, 1549.72 nm, 1550.12 nm, 1550.52 nm and 1550.92 nm (50-GHz channel spacing) served as continuous wave (cw) WDM signal sources. The channels were combined with an optical coupler, amplified by an EDFA before the signal was modulated with an IQ modulator (IQ Mod). The IQ Mod was driven by a two-channel 56-GS/s arbitrary waveform generator (AWG), which provided the in-phase and quadrature components of the single-polarization 28-GBd 16-QAM signal. After using a polarization multiplexing emulator (PolMux) to generate a PDM signal, the WDM channels were separated using a wavelength selective switch (WSS). The channels were individually decorrelated by delaying the symbols of neighboring channels by a minimum of 100 symbols using various lengths of SSMF patch cords in the five individual optical paths [23] . After combining all five WDM channels with an optical coupler, the 28-GBd PDM 16-QAM signals were amplified with an EDFA and the out-of-band ASE noise was suppressed with a 3-nm optical band pass filter (OBPF). The state-of-polarization (SOP) of the data was varied on the Poincaré sphere using a polarization scrambler. The entire transmission link consists of 400-km SSMF, and it is divided into four spans, and four Raman pumps (one for each span). After the transmitter, the signal was launched into an EDFA that enabled changing the launch power into the first span. The Raman pumps were used in the backward distributed pumping scheme, via WDM couplers, to achieve a symmetric power profile per span. After 200 km of transmission, an EDFA was set to a constant output power of 17 dBm so as to keep the input signal power into the FOPA constant. After suppressing the ASE noise from the EDFAs using a 3-nm OBPF, a 3-dB coupler was used to split the signal into two parts with one part going through the OPC device (dual-pump polarization-independent FOPA) whereas the other portion bypassed the OPC device. In order for the OPC device to be suitable for real-life WDM applications, a flat gainbandwidth of the OPC device is desirable. A dual-pump polarization-independent FOPA fulfills this requirement [24] . In addition, a dual-pump FOPA allows the provision of counterphasing mechanism which enables the suppression of pump phase modulation tones transferred from the pumps to the generated idler(s) in the OPC device [16, 24] . Note that pump phase modulation is required to increase the stimulated Brillouin scattering threshold of the highly-nonlinear fiber used in the OPC device. Moreover, as a result of the implemented counter-phasing technique, the phase-matching condition among the interacting waves was not distorted by the pump phase modulation. The design and performance evaluation of the OPC device that was used in this experiment is explained in details in [16] . The conjugated signal conversion efficiency used in this experiment was 4 dB with a 5-dB on-off gain for the signal, as shown in Fig. 2 In order to obtain the same accumulated noise into the second half of the transmission link, a variable optical attenuator (VOA) was used to ensure that the input powers (for the cases with and without OPC) into the EDFA at the beginning of the second half of the link were the same. An optical switch was used to either select the output of the OPC device (conjugated signal) or the signal which bypasses the OPC device before launching the selected data into the remaining 200-km SSMF link.
Experimental setup
The coherent receiver consists of a local oscillator (100-kHz linewidth) whose signal was combined with the received data signal in a 90° optical hybrid. Four balanced photo detectors (BPD) were connected to the hybrid outputs, and a real-time sampling scope (40-GS/s sampling rate, 20-GHz 3-dB bandwidth) was used as analog-to-digital converter (A/D). Offline processing was performed on a desktop computer including resampling, front-end correction, electronic dispersion compensation in the frequency domain, frequency-offset compensation, blind adaptive time-domain equalization using a constant-modulus and multimodulus algorithm, carrier-phase estimation by blind phase search, de-mapping and error counting.
Numerical modeling
A numerical model has been implemented using VPItransmissionMaker v8.7. The model is developed such that it fits to the experimental results. In order to do so, the back-to-back performance of the model is first fitted to the back-to-back performance of the experimental setup. The OSNR at the transmitter output was experimentally measured to be 34.5 dB. In the model, additive Gaussian noise was added to the output of an ideal transmitter such that the same OSNR was achieved at the transmitter output. Shot noise and thermal noise at the receiver are taken into account, and then the BER vs. OSNR plots of the model and the experiment are fitted. Two independent pseudo-random binary sequences (PRBSs) are used to generate the data bits of the PDM signal in the two polarizations. Five WDM channels are considered, as explained in the description of the experimental setup. The modulation format, bitrate, and other specifications are the same as in the experimental setup. There is no digital signal processing in the receiver, and the electrical filter which is used at the receiver is a 4th order Bessel filter. Third-order Gaussian OBPFs are used to separate the WDM channels.
The optical propagation of the two polarizations in the SSMF is modeled by simulating the Manakov polarization mode dispersion (PMD) equation through the split step Fourier method (SSFM) [25] . The FOPA is modeled as an ideal phase conjugator which does not cause any penalty. This is a fair assumption since the FOPA that is used in the experiment has a low gain resulting in a low penalty, which is negligible compared to the penalty caused by the transmission fibers [16] . The Kerr induced nonlinear distortion of the transmission fibers is taken into account. The simulated SSMF has a dispersion of 16 ps/nm/km, a dispersion slope of 0.08 ps/nm 2 km, a PMD coefficient of 0.1 ps/km, a nonlinear coefficient of 1.3 /W/km, and a loss of 0.2 dB/km. Compared to a link with a discrete amplifier, a link with a backwardpumped distributed Raman amplifier has a higher minimum signal power. Therefore, the link with distributed Raman amplification has a better noise performance than a link with discrete amplification [26] . A parameter, namely the effective noise figure (NF eff ), is defined in [27] and by employing the concept of determining the NF eff as described in [28] , the NF eff of our simulated link with backward-pumped DRA is found to be -3.1 dB.
The effects of Raman amplified spontaneous emission, double Rayleigh back-scattering (DRB), noise transfer of pump to signal, cross gain modulation of the Raman gain, and polarization dependent gain (PDG) of the Raman amplifier are all taken into account in the numerical model. Specifically, the pump-to-signal noise transfer was considered negligible in the backward pumping scenario [27] . In addition, the PDG of DRA is also very small [28] and in our simulations it is less than 0.4 dB. We have also considered a temperature of 300 Kelvins for the spontaneous Raman scattering, which is the dominant noise source according to our simulations. We have used a pump power of 26 dBm in our simulations, which enables to compensate for the loss of a 100-km fiber span when used as a backward propagating Raman pump from the end of the span.
Results and discussions
We firstly measured the bit-error ratio (BER) performance for a single-channel scenario. Four channels were suppressed at the output of the WSS and only the center channel (at 1550.12 nm) was allowed to propagate along the transmission link and it was then detected at the receiver. The launch power per polarization into the first span of the polarization-scrambled signal was adjusted from 12 dBm to + 6 dBm by tuning the gain of the EDFA located at the transmitter output. In order to obtain approximately the same power at the end of the span as at its input (referred to as launch power under test), the power of the Raman pump was adjusted (whilst monitoring the power at the output of the 20-dB tap coupler after the span) until the launch power into the second span was equal to the launch power under test (considering the low total insertion losses of the WDM coupler and of the 20-dB monitor coupler of about 0.6 dB). In a similar fashion, the output signal power of the second span was also set equal to the input signal power into the span by adjusting the output power of the Raman pump after that span. The launch power into the third span is set with the EDFA after the OPC. Note, however, that since the FOPA is operated in the low-gain regime to avoid signal degradation [18] , an additional EDFA at the input of span 3 is required. The previous procedure is used in setting the launch power per span (following adjustment of the Raman pumps) for the remaining half of the link. Figure 3 shows a plot of the Q-factor of the single channel (ch-3 alone) versus the launch power per polarization into the fiber spans. The filled blue () and red () symbols indicate the experimentally determined signal Q-factors with and without OPC over the 400-km SSMF link, respectively. Remark that the OPC provides automatic second order chromatic dispersion compensation after signal transmission over the link, thus the case without OPC requires chromatic dispersion compensation, which is achieved in the receiver DSP. It can be seen that, without the OPC implementation, a maximum Q-factor of 11.2 dB at a launch power of 5 dBm is obtained, whereas with the implementation of the OPC, the Q-factor is improved to 12.4 dB (above 1.1 dB improvement) at 3-dB increased optimum launch power. This also yields a considerable increase in the nonlinear threshold. The 28-GBd PDM 16-QAM constellations diagrams for the cases with and without OPC are also shown in Fig. 3 .
All the five WDM channels were then allowed to propagate over the transmission link for the WDM experimental investigations. The signal launch power per channel per polarization into the spans was adjusted from 11 dBm to + 4 dBm by using the same procedure as in the single-channel case. The center channel (ch-3) was investigated in the WDM scenario. It can be seen from Fig. 4 that, without the OPC operation, a maximum Q-factor of 11 dB at a launch power of 5 dBm is obtained, whereas with the implementation of the OPC, the Qfactor improved to 11.8 dB (0.8 dB improvement) at 2-dB increased optimum launch power. It is also clear that the nonlinear threshold is increased substantially with OPC operation. The simulation model was implemented in the WDM scenario and the corresponding results are represented with open blue () and red () symbols in Fig. 4 . An excellent agreement between simulation and experimental results can be seen. Figure 5 illustrates the Q-factor improvement at the optimal launch power without OPC (5 dBm/ch/pol) and with OPC (3 dBm/ch/pol) plotted for each WDM channel. It can be seen that all the channels have similar performances with an average Q-factor improvement of 0.8 dB. The blue star indicates the Q-factor improvement above 1.1 dB that was obtained in the single-channel scenario with only channel three. Using our numerical model, the Q-factor for the cases with and without OPC implementation has been calculated for longer transmission distances up to 2800 km for the five-channel WDM scenario, as shown in Fig. 6 (note that the WDM center channel was used in the performance evaluation.). In this figure, the maximum Q-factor is plotted versus the length of the transmission link. The link still has only one mid-link OPC and SSMF spans with 100-km length. The maximum Q-factor is obtained at the optimum powers (i.e. 3 dBm/ch/pol for the case with OPC and 5 dBm/ch/pol for case without OPC from Fig. 4 ) which stayed almost constant as the number of spans increased. It is observed that, without the OPC technique, the transmission reach is limited to a maximum of ~1300 km (i.e. at the HD-FEC threshold). However, by using OPC the transmission distance can be extended up to 2400 km. It is seen that the Q-factor performance degrades as the transmission distances increase, even for the case with OPC implementation. The nonlinearity compensation of the OPC technique is degraded by effects such as PMD, fiber-length mismatch before and after OPC, non-symmetrical power distribution versus the fiber length, as observed in [18] . Additionally, the generation of an idler at a different wavelength results in a dispersion mismatch between signal and idler, which further contribute to sub-optimum distortions compensation. However, in our experiment, the wavelength separation between the center channel signal and its corresponding idler was 7.2 nm (signal at 1550.12 nm, idler at 1557.32 nm) therefore leading to signal/idler dispersion mismatch of 0.39 ps/nm/km (note that the dispersion slope of SSMF at the zero-dispersion wavelength is ~0.087 ps/nm 2 /km). This dispersion mismatch is a small value and, according to our simulations, its impact is insignificant. The number of WDM channels was increased from five-channels to eleven-channels using the simulation model and the system performance of the center channel was evaluated. Figure  7 shows the numerical results for the Q-factor performance as a function of the launch power per channel. Comparing these with the numerical results from the five-channel investigation in Fig. 4 , it is observed that the Q-factors in the linear regime were not changing as the number of WDM channels was increased, as expected. The maximum achieved Q-factor at the optimum launch power decreases slightly with the increased number of WDM channels. It is decreased by 0.1 dB and 0.3 dB for the case without and with OPC, respectively. This is attributed to the fact that, as the number of WDM channels increases, larger nonlinear distortions occur, especially at higher launch powers. Thus the link with OPC has slight decrease in Q-factor since it has higher optimum launch power than the link without OPC. Nonetheless, Fig. 7 shows also that the maximum Q-factor of the link with OPC can be still improved by 0.7 dB in the case of 11-channels, which is only 0.2 dB less compared to the 5channel case. Figure 8 shows the numerical simulation results for the loss experienced by the signal over a 100-km SSMF span with backward-pumped DRA. Taking into consideration the input and output effective lengths, L eff (where the nonlinear effects are severe), it is observed that the signal power evolution versus length is not symmetrical over the effective lengths at both ends of the fiber span with respect to the middle of the span. The signal power decreases with a constant slope of 0.2 dB/km at the input of the span while it increases with a variable slope toward the end of the span due to the depletion of the backward propagating Raman pump along the fiber. The ideal case should have a symmetric power distribution over the fiber length with respect to the middle point of the fiber. This ideal power-length slope cannot be achieved by a single Raman pump for a 100-km fiber span. The power evolution in a 70-km fiber span with backward-pumped DRA is also shown in Fig. 8 . It can be seen that, in this case, the power evolution at the input and output of the 70km span are more symmetric due to the lower amount of loss in the span (i.e. shorter length), leading to lower Raman pump power requirement at the output end of the span, hence a lower Raman gain, in order to make the span transparent. Therefore, it can be expected that the nonlinearity compensation for shorter links will be more efficient than that of longer links. Moreover, shorter links will result in lower maximum loss per span, which improves the noise performance and therefore is expected to lead to higher Q-factors. Using our simulation model, we have investigated a 420-km OPC-based transmission link with SSMF spans of 70 km. It was observed that the maximum Q-factor of the central channel was increased by 1 dB compared to the previously investigated 400-km transmission link with 100-km spans. The rest of the system parameters were not changed in the comparison. This shows the advantage of using an OPC-based transmission link with shorter spans. However, shorter spans are not cost attractive since more repeaters will be required over the entire transmission link. However, the power-length asymmetry in longer span designs reduces the full benefits of OPC, especially in long-haul transmission systems as also shown in Fig. 6 .
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Conclusion
We have experimentally and numerically demonstrated Kerr nonlinearity compensation using an optical phase conjugation technique that employs a dual-pump polarization-independent fiber-based optical parametric amplifier (FOPA) at the mid-link point in a 5 × 28-GBd PDM 16-QAM WDM system with 50-GHz spacing. Signal Q-factor improvement of 1.1 dB in a single-channel case and 0.8 dB in a 5-channel WDM case have been experimentally measured for a 400-km SSMF link with distributed Raman amplification with backward pumping. A simulation model based on VPItransmissionMaker v8.7 has been developed in order to match the experimental data. Thanks to this model, it has been shown that, with the OPC implementation, the transmission reach can be extended to 2400 km with a Q-factor of 8.5 dB, corresponding to the HD-FEC threshold, which is not possible in the case without OPC.
